ABSTRACT : We investigate the atomic and electronic structures of cyclooctatetraene (COT) molecules on graphene and analyze their dependence on external gate voltage using first-principles calculations. The external gate voltage is simulated by adding or removing electrons using density functional theory (DFT) calculations. This allows us to investigate how changes in carrier density modify the molecular shape, orientation, adsorption site, diffusion barrier, and diffusion path. For increased hole doping COT molecules gradually change their shape to a more flattened conformation and the distance between the molecules and graphene increases while the diffusion barrier drastically decreases. For increased electron doping an abrupt transition to a planar conformation at a carrier density of -8×10 13 e/cm 2 is observed. These calculations imply that the shape and mobility of adsorbed COT molecules can be controlled by externally gating graphene devices.
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COT molecules are the first known 4n p-electron hydrocarbon system 1, 2 . Unlike benzene, COT adopts a nonplanar tub-shaped conformation of D 2d symmetry with alternating single and double bonds [3] [4] [5] so that the interaction between the double bonds is minimized 5, 6 . It has been observed that the molecule undergoes thermal bond shift and ring inversion processes [6] [7] [8] . The ring inversion involves a planar transition state of D 4h symmetry having alternate single and double bonds while the bond shift proceeds via a planar transition state of D 8h symmetry in which all C-C bonds have equal length 9, 10 . In contrast, COT's dianion, cyclooctatetraenide (COT 2-), adopts a planar conformation of D 8h symmetry according to NMR experiments. This pronounced coupling between the COT charge state and its mechanical conformation creates new opportunities for exploiting COT as a single-molecule electromechanical transducer element. The COT charge state, for example, might be switched by attaching it to a gate-tunable graphene field-effect transistor (FET), thus triggering a mechanical response. Graphene FETs are ideal for this application since they allow both electron and hole carrier densities up to | | ~ 10 13 e/cm 2 when gate voltages are applied to graphene on an insulating layer (e.g., SiO 2 or BN) 11, 12 . Even higher carrier densities up to | | ~ 10 14 e/cm 2 are possible with electrochemical gating [13] [14] [15] [16] . This allows the charge of molecules adsorbed onto graphene to be precisely controlled by adjusting applied external gate voltages, as has been seen previously for different molecular systems that have no nanomechanical functionality [17] [18] [19] [20] [21] [22] .
In order to explore the potential nanomechanical functionality of COT, we have theoretically investigated the gate voltage dependence of the atomic and electronic structures of COT molecules adsorbed onto graphene through the use of ab initio density functional theory (DFT). External gating of COT is simulated by changing the graphene carrier density in our DFT calculations. As shown below, COT molecules gradually flatten as the system is positively charged, while they abruptly change shape to a planar conformation at a carrier density = -8×10 13 e/cm 2 when negatively charged, where -e is the electron charge. We show that the diffusivity of a COT molecule, as well as its conformation, can be controlled by the application of achievable gate voltages.
This paper is organized as follows: we first review our calculational methods and then report on the atomic and electronic structures of freestanding COT molecules. We next discuss the properties of COT molecules adsorbed onto graphene, and the carrier density dependence of COT properties is analyzed.
Our calculations were performed within the framework of pseudopotential DFT (density functional theory). We used the generalized gradient approximation 23 , norm-conserving pseudopotentials 24 , and localized pseudoatomic orbitals for wavefunctions as implemented in the SIESTA code 25 . The real-space mesh cut-off of 1000 Ry is used for all of our calculations. Dipole corrections are included to reduce the interactions between the supercells generated by the periodic boundary condition 26 . The atomic positions are fully optimized until residual forces are less than 10 -3 eV/Å. During the atomic structure optimization, a DFT-D2 correction is applied to account for the van der Waals interaction 27 . We assume that the most likely diffusion pathway between the adsorption sites of GS is via that of LTS.
For a neutral system (without external gating), the GS geometry is shown in Fig. 4(C) . The does not alter the energy levels of the molecular orbital states significantly as shown in Fig. 4 
(H).
No significant covalent bonding between the molecule and graphene is found. The energy level of the Dirac points of graphene, E Dirac , lies between the energy levels of HOMO and LUMO states, E HOMO and E LUMO , which are 0.70 eV lower and 1.85 eV higher than E Dirac , respectively. As a result, no significant charge transfer occurs between the molecule and graphene, and the Fermi energy E F is equal to E Dirac as shown in Fig. 4(H) . The calculated binding energy is 704 meV and the diffusion barrier is 28.4 meV. The diffusion path is via a location between bridge and top sites.
Next, we study the carrier density dependence of the atomic and electronic properties of COT molecules adsorbed onto graphene. Figure 4 shows the overall carrier density dependence of the atomic and electronic band structures of COT molecules adsorbed onto graphene. The molecule is gradually flattened as the hole carrier density increases, while changes abruptly its shape to a nearly planar conformation with the electron carrier density. until reaches at h2 = +8.5×10 13 e/cm 2 , where E d becomes zero. For 0 < < h2 , the molecule adsorbed at hollow site is the GS, and the adsorption site in LTS is between bridge and top sites.
For > h2 , the molecule is adsorbed between bridge and top sites is the GS, and at a hollow site in LTS.
In the case of the electron-doping, E F increases as decreases from = 0, where E F = E Dirac , up to E LUMO , until reaches e1 = -6×10 13 e/cm 2 , where E F = E LUMO . For e1 < < 0, the molecule is hardly charged as shown in Figure 5 (a) because E F lies between E HOMO and E LUMO , consequently the conformation hardly changes as shown in Fig. 5 We show that it is possible to control the conformation and the diffusivity of COT molecules adsorbed on graphene by changing the carrier density of the system. But the carrier density required to manipulate the conformation and diffusivity of COT is rather high because E HOMO and E LUMO are respectively 0.70 and 1.85 eV apart from E Dirac . We suggest substitutions of hydrogen atoms to fluorine, bromine atoms or other electrophiles so that E HOMO and/or E LUMO are closer to E Dirac , which makes it easier to manipulate the shape and diffusivity of the COT molecule with lower carrier density. Investigating the steric effects of the substituents would also improve the controllability of mechanical properties, but it is beyond the scope of this paper.
In conclusion, we have investigated the atomic and electronic properties of COT molecule and its dependence of gate voltage. Without extra carrier, the molecule adsorbed at a hollow site of graphene in a tub-shaped conformation without significant deformation and the molecule remains almost neutral because the Dirac points lie between the energy levels of HOMO and LUMO states.
When an external gate voltage is applied, the molecule is flattened and the diffusion barrier decreases gradually with the hole carrier, while the molecule exhibits abrupt change of its shape to a nearly planar conformation and the diffusion barrier also rapidly decreases with the electron carrier. With achievable carrier density, it is possible to manipulate the conformation as well as the diffusion barrier of the molecule on graphene. We thus envision transformable and mobile molecular machine on graphene, which can be controlled by adjusting external gate voltage. It opens new avenues for exciting electromechanical applications. We suggest substitutions of hydrogen atoms to fluorine, bromine atoms or other electrophiles so that the energy levels of HOMO and/or LUMO are closer to Dirac point of graphene, which makes it easier to control the mechanical properties of the molecule with lower carrier density.
Tab. 1. Structural properties of a freestanding neutral COT molecule and its ionized states.
Symmetry of the molecule, the bond lengths between carbon atoms, d CC1 and d CC2 , between carbon and hydrogen atoms, d CH , the distance between the planes of the upper and bottom four carbon atoms of the molecule, d z1 , the upper and bottom four hydrogen atoms of the molecule, d z2 , and the bent angle, a, as denoted in Fig. 1(A) , of the neutral molecule, the monovalent ions, and the divalent ions are presented. Fig. 1(A) , are presented as well as the distance between the molecule and graphene, d, as denoted in Fig. 2(A) . 
